Abstract Purpose: To study blood flow (BF) and metabolism in normal pancreas and in different pancreatic lesions. We then determined the effect of these biomarkers on outcome in patients with pancreatic cancer. Experimental Design: Oxygen-15-labeled water and fluorodeoxyglucose positron emission tomography/computed tomography scans were used in 26 patients with a suspicion of pancreatic cancer to measure pancreatic BF and metabolism. In addition, the ratio of standardized uptake value to BF (SUV/BF) was calculated. Patients were divided into three groups: patients with a finding of normal pancreas (n = 7), benign lesions (n = 8), and malignant tumors (n = 11). Results: Patients with benign and malignant pancreatic tumors had decreased BF of the lesion by 48% and 60%, respectively, compared with patients with normal pancreatic tissue. SUV max was 3-fold higher in malignant tumors compared with both benign lesions and normal pancreas (P < 0.05). In contrast, the SUV max of patients with benign lesions and normal pancreas did not differ. The SUV/BF ratio was significantly higher in malignant lesions than in benign lesions or in patients with normal pancreas (P < 0.05). In patients with cancer, high SUV/BF ratio was a stronger predictor of poor survival compared with high metabolism or lower-than-normal pancreatic BF. Conclusions: BF in pancreatic cancer is significantly reduced compared with the normal pancreas, which may in part explain the poor success of both radiotherapy and chemotherapy. We suggest that the composite measurement of BF and metabolism in pancreatic cancer could serve as a novel tool in the planning of treatments targeting vasculature. (Clin Cancer Res 2009;15(17):5511-7)
Despite intensive efforts, the prognosis for patients with pancreatic malignancies, and in particular, pancreatic adenocarcinoma, remains very grave (1) , with radical surgery increasing 5-year survival from <4% to only 10% to 20% (2) . The benefits of systemic chemotherapy combined with radiation are even more limited. Although gemcitabine and fluorouracil show modest activity, there is much debate on their role in the initial treatment of inoperable lesions (3) . The reason for relative treatment resistance could be the low perfusion found in pancreatic malignant lesions compared with the normal pancreas, already indicated by early angiographic studies (4) . The angiogenesis of tumors is important in predicting the growth and metastasis of pancreatic cancer. Therefore, drugs targeting the inhibition of oncogenic signaling pathways to block angiogenesis have recently been developed (5) . The fact that antiangiogenic drugs have not consistently provided significant benefits in pancreatic cancer (6) could be due to the large variability in perfusion found in untreated lesions. Failure to observe normalization of the vasculature in responding patients may be due to the insensitivity of standard (morphologic) imaging methods to measure functional changes.
Due to the inaccessibility of the organ and the lack of an established noninvasive method, quantification of pancreatic perfusion presents a challenge in routine clinical practice. Several attempts to solve this problem have been undertaken with the help of different imaging techniques. Among these are angiography (4), dynamic contrast enhanced (DCE) computed tomography (CT; refs. 7, 8) , ultrasonography (9) , magnetic resonance imaging (10) , and positron emission tomography (PET; ref. 11) . A problem common to all these methods, when used in humans, is the lack of an accepted reference standard. This also partly explains why the perfusion of normal pancreatic tissue measured in these studies has varied substantially.
Currently, the most reliable noninvasive method to quantify perfusion is PET using oxygen-15-labeled water ([ . This method has previously been extensively tested and validated for several tissue and tumor types among others also in our center (13, 14) . PET imaging of perfusion has typically indicated higher values in tumors compared with the parent tissue (15) . On the other hand, only one study has attempted to measure pancreatic perfusion using [
15 O]H 2 O PET and a semiquantitative approach with a finding of decreased blood flow (BF) among pancreatic tumors (11) . This pilot study was done with a stand-alone PET scanner without the added benefit of the precise anatomic reference provided by CT and the compensation of the suboptimal spatial resolution inherent in PET images. Second, the relationship between tumor perfusion and its metabolic activity studied with fluorodeoxyglucose ([ 18 F]FDG) PET/CT imaging may be important for treatment monitoring and for prognosis (16) .
In this context, we attempted to noninvasively quantify the BF and metabolic activity of pancreatic tumors using [
15 O]H 2 O and [
18 F]FDG PET/CT imaging. We compared the findings in malignant tumors to those in normal pancreatic tissue and benign lesions, and further assessed the effects of these functional variables on the survival of patients with confirmed cancer.
Materials and Methods
Patient population. Twenty-six consecutive patients (14 males and 12 females, ages 64.8 ± 12.5 y) with clinical suspicion of pancreatic malignancy were, prior to any treatment, prospectively enrolled in the study between September 2006 and October 2007. Criteria for enrollment in PET/CT imaging was a suspicion of malignant biliary stricture at endoscopic retrograde cholangiopancreatography (n = 15), or a suspicious pancreatic lesion on ultrasonography or CT in a referring center (n = 11). Validation of diagnosis was based on the findings at operation with biopsy (n = 11), operation without biopsy (n = 4), percutaneous/ cytologic brush biopsy (n = 2), autopsy (n = 1), or follow-up of a median of 20.1 mo (range, 16-27 mo; n = 8). Patients were divided into three groups as follows: group A, no anatomic tumor (n = 7); group B, benign lesion (n = 8); and group C, malignant pancreatic tumor (n = 11). The study was conducted in accordance with the Declaration of Helsinki, and the study protocol was approved by the ethics committee of the Hospital District of Southwest Finland and the Finnish National Agency for Medicine. All patients gave their written informed consent before participating in the study.
PET/CT device. All data were acquired on a Discovery VCT PET/CT scanner (General Electric Medical Systems) which combines a helical 64-slice CT scanner and a bismuth germanate oxide block PET tomography. The PET scanner part consists of 13,440 bismuth germanate oxide crystals arranged in 24 rings, yielding 47 transverse slices spaced axially by 3.27 mm. The PET imaging field of view was 70 cm in diameter and 15.7 cm in axial length. Attenuation correction was done using a lowdose ultra-fast CT protocol (80 mAs, 140 kV, 0.3 mSv per field of view). The voxel size of the PET image is 3.5 × 3. 15 O. To synthesize radiowater for BF imaging, a diffusion membrane technique in a constantly working water module was applied (Radio Water Generator). An online radioactivity recording of products was done for each examination with a low-voltage ionization chamber. [ 18 F]FDG was synthesized from mannosyl triflate using a nucleophilic method. Radiochemical purity exceeded 95% and specific radioactivity was ∼74 GBq/μmol at the end of the synthesis.
Calculation of [ 15 O]H 2 O-perfusion images. BF images were calculated using a linearized one-tissue compartment model (19) . LawsonHanson nonnegative least squares were used to solve general linear least squares functions. The input time-activity curves (TAC) for [
15 O] H 2 O scans were obtained directly from transaxial PET images using a threshold method to locate the aorta. Suitable planes were selected visually with the help of PET and CT images. The diameter of the aorta in these planes was measured using the CT image and the value was used in the threshold process as well as in the correction of partial volume and spillover effects during extraction. The method of input curve extraction has been recently described and validated (20) . After extraction of the pancreatic tissue TAC from the image series and comparison to arterial TAC, no delay was observed in the ascending part of the TAC and no correction was done.
Image analysis. Images were analyzed on a computer using a noncommercial research imaging software (Vinci, Max-Planck-Institut für Neurologische Forschung, Cologne, Germany). Perfusion and [ 
Translational Relevance
With an increasing number of new drugs targeting specific molecular pathways, it is becoming clear that careful selection of patients prior to treatment is crucial for the success and cost-effectiveness of such targeted therapies. The aim of this study was to measure blood flow (BF) and metabolism in normal pancreas and in different pancreatic lesions using positron emission tomography/computed tomography, and to determine the prognostic values of these variables. We found decreased BF in both malignant and benign lesions compared with normal pancreas, whereas increased metabolic activity was seen only in malignant lesions. The ratio of metabolism to BF was an important prognostic variable supporting that high metabolism combined with low perfusion is linked to an aggressive phenotype. Our initial findings may in part explain the general resistance of pancreatic cancer to oncologic treatments, and suggest the inclusion of combined perfusion and metabolism imaging in clinical trials in which antiangiogenic treatment is evaluated.
image as anatomic reference. This was facilitated by the good coregistration of PET and CT images from the PET/CT scanner. 
Results
BF in the pancreas. In the group of patients without anatomic tumors (group A, n = 7), the BF was higher than that in patients with a benign or malignant lesion (Table 1 ; Fig. 2A ). The BFs of the morphologically normal pancreas was similar between head and tail and the average intraindividual variability expressed as coefficient of variation was 31.7%. Three patients had stones in the main biliary duct, one patient had cytologically confirmed benign main biliary duct stricture, and three patients had a normal pancreas on all imaging modalities.
In the group of benign lesions (group B, n = 8), a reduction of BF in comparison to group A was observed (Table 1) . BF in the nontumoral part of the pancreas was not significantly reduced in comparison to that seen in patients of group A ( Fig. 2A) . Of the benign lesions, three were located in the head and five in the body/tail region of the pancreas. The BF between the benign lesion and the nontumoral parts of the pancreas showed good correlation despite of the small number of patients (R = 0.66, P = 0.05). In group B, two patients had a mass-forming pancreatitis, five patients had a benign cystic lesion, and one patient had a pancreatic fibrosis in histologic analysis. The sizes of the benign lesions were 4.6 ± 2.9 cm (range, 2-11 cm).
Group C (n = 11) was composed of nine cases of adenocarcinoma and two cases of neuroendocrine tumors (NET; Table 2 ). All tumors except one were located in the head or the head/ body region, and the reference value in these cases was obtained from the tail of the pancreas. The lesion of one patient (no. 7) was located in the body/tail region of the pancreas, and this patient's reference value was obtained from the head of the pancreas. The BF in malignant lesions was significantly lower than in group A (P < 0.001), but not significantly lower than in group B (Table 1 ; Fig. 2A ). In the group with cancer, a strong reduction in BF was also observed in the nontumoral part of the pancreas when compared with group A (P = 0.02; Fig. 2A ). With the exception of patient no. 7, the BF of the malignant tumor showed a high correlation with that of the nontumoral parts of the pancreas (R = 0.86; P < 0.001). In this patient, whose malignant lesion was located in the body/tail region, the BF of the lesion was as low as that of other tumors in group C (48.9 mL/min/dL), whereas the BF in the head of the pancreas was very high (168.9 mL/min/dL).
Glucose metabolism of tumors. Glucose metabolism was evaluated using SUV max . The average SUV max for normal pancreas was 2.7 ± 1.3 (range, 1.8-5.1). The SUV max for malignant lesions were significantly higher compared with those for normal pancreas (P = 0.01) or benign lesions (P = 0.01). Instead, SUVs of benign lesions were not significantly different compared with those for normal pancreas (Table 1; Fig. 2B ). The GlcP values were 6.7 ± 1.7, 5.6 ± 0.6, and 7.1 ± 1.8 mmol/L for patients with normal pancreas, benign lesions, and malignant lesions, respectively. Only the difference between GlcP values of patients with benign and malignant lesions was statistically significant (group A versus group B, P = 0.11; group A versus group C, P = 0.61; group B versus group C, P = 0.03). To account for this difference, SUV max was normalized to GlcP levels as explained earlier.
The GlcP normalization had the strongest effect on the statistical differences between groups A and B (non-GlcP, P = 0.12), but had less effect on other values. The time between injection of [ 18 F]FDG and start of imaging did not differ significantly between the three groups (group A, 58.1 ± 5.9 min; group B, 56.5 ± 3.0 min; and group C, 57.2 ± 5.7 min). Correlation of tumor metabolism with BF. As expected, the SUV/BF ratio was significantly different between normal pancreas and malignant lesions (P = 0.01), as well as between benign and malignant lesions (P = 0.01). By contrast, no difference was observed between SUV/BF of normal pancreas and benign lesions (P = 0.08; Fig. 2C ). When we plotted the SUV max against the BF values of the same lesion, we observed a clustering of values according to the lesion pathology (Fig. 3) . However, there were no significant correlations between [ 18 F] FDG SUV max and BF in any of the three groups.
Correlation of functional measurements with survival. Eleven patients with pancreatic malignancy were followed for at least 13 months after the diagnosis and five of these patients were alive at the time of analysis (Table 2) . One patient with lowgrade NET died due to complications related to surgery, and therefore we excluded him from the survival analysis. The remaining 10 patients were divided into two groups using survival at 12 months after diagnosis as the cutoff. The SUV max or BF between the groups living shorter or longer than 12 months were not significantly different (SUVmax: 10.6 ± 5.7 versus 6.7 ± 2.7, P = 0.20; and BF: 34.2 ± 14.3 versus 55.6 ± 18.7 mL/min/dL; P = 0.08, respectively). By contrast, when the SUV/BF ratio was compared between these two groups, a high SUV/BF was associated with poorer prognosis (0.3 ± 1.6 versus 0.1 ± 0.5; P = 0.02; Fig. 4 ).
Discussion
To our knowledge, this is the first prospective study in which BF and metabolism were measured in parallel using [ 15 
O]H 2 O and [
18 F]FDG PET/CT in patients presenting with suspicion of pancreatic cancer. We found average BF to be significantly decreased and metabolism significantly increased in malignant pancreatic lesions compared with normal pancreas. Based on our initial findings, we hypothesize that a high ratio of metabolism to BF may predict survival better than either functional measurement alone.
At a time when the possibilities and limitations (22) of new therapeutic agents targeting angiogenic mechanisms of tumors are being recognized, it is becoming obvious that careful classification and selection of patients prior to treatment is necessary for these therapeutic strategies to be successful. This is of particular importance in malignancies with a low likelihood of response, such as pancreatic cancer (6) . In this respect, tumor perfusion and metabolism seem to be among the most relevant clinical variables (16, 23) . Several methods have been proposed for noninvasive measurement of pancreatic perfusion in humans. Contrast-enhanced ultrasonography (8, 9, 24) and DCE-CT (7) have been used to assess pancreatic perfusion in inflammatory and malignant lesions with encouraging results. Park et al. (25) observed that high perfusion in pancreatic cancer detected on DCE-CT was associated with increased response to chemoradiotherapy. Also, the role of DCE magnetic resonance imaging has evolved in the field of perfusion imaging, and several groups have used it in evaluating the perfusion of benign and malignant pancreatic lesions (10, (26) (27) (28) . Nevertheless, [ 15 O]H 2 O PET has been studied more extensively than either DCE-CT or magnetic resonance imaging, and is regarded by some authors as a gold standard in perfusion imaging (15) . As previously shown (13, 14) , it is a reproducible and reliable method for the quantification of BF in tumor and other tissues such as brain and heart. In addition, CT combined with PET studies has provided the added benefit of precise anatomic localization, the lack of which was often used as an argument against PET in studies of inaccessible abdominal organs like the pancreas. Recent developments have also enabled the extraction of the input curves directly from the images making the procedure (23), whereas others found a positive (30) or a negative (31) relationship, depending on tumor type and grade. In the current study, we were not able to show any correlation between these two variables. The diverse findings in different tumor types and sizes reflect the heterogeneity of malignant tissues and also the limited specificity of [ 18 F] FDG to depict neoplastic transformation.
Recently, several studies have combined findings on metabolic activity and perfusion to show their effect for prognosis in different types of cancer. Mankoff et al. (32) have described, in patients with breast cancer, the importance of the relationship between BF and metabolic activity of the tumor for treatment outcome. Recently, Groves et al. (33) showed that combining [
18 F]FDG PET and perfusion measurement helps to predict the histologic grade of breast tumors. In accordance with this, Hermans et al. (34) reported that high glucose metabolism and low vascularity measured by [ 18 F]FDG PET and DCE-CT, respectively, predicted poor local control in head and neck cancer. Our results provide new evidence that pancreatic tumors with high metabolic activity and relatively low BF are aggressive and might be more refractory to treatment than those with higher perfusion. We suggest that high metabolic activity combined with low BF indicates the adaptation of tumors to a hypoxic microenvironment. Hypoxia, in turn, has been shown to be an important factor of selection in the development of aggressive phenotype (35) . This is also shown by differential regional distribution of areas of high perfusion, high [ 18 F]FDG uptake, and high SUV/BF ratio within the tumor (Fig. 1) , with areas of overlap in which the ratio is high as potential targets for hypoxia-directed radiotherapy. In addition to its prognostic value, our study showed that the SUV/BF ratio could provide a potentially useful tool for differentiating benign pancreatic dysfunction and normal pancreas, which otherwise show substantial overlap in uptake of [ Common to all studies applying diverse methodologies is the observation that perfusion in normal pancreas is higher than in pancreatic tumors. An early CT study investigating the vascularity of pancreatic lesions showed that malignant lesions are hypovascular compared with normal pancreas (36) . We observed that BF in benign lesions is significantly reduced compared with normal pancreas. However, benign lesions do not seem to have a similar detrimental effect on the BF of the nontumoral parts of the pancreas as malignant lesions do. As first reported by Kubo et al. (11) , this reduction seems to be present only in the case of lesions located in the head of the pancreas as confirmed by our findings. This finding might be explained by the fact that tumors located in the head of the pancreas could cause obstruction of the pancreatic duct, followed by formation of fibrotic tissue with low BF in the body-tail region of the pancreas.
Because some variables related to BF have been shown to correlate with microvascular density (37) , the use of drugs targeting angiogenesis could be optimized by pretreatment measurement of BF. Both BF and vascularization of tumors vary strongly, and therefore, poor selection of patients might also explain why many clinical trials have failed to show any significant benefit of antiangiogenic therapies in the case of pancreatic malignancy (38) . Recently Jain et al. reported that when antiangiogenic therapy is given, tumor vessel permeability and subsequently peritumoral edema decrease. These lead to improvement in effectiveness of tumor perfusion in a process called vessel normalization (39) . Other authors have also suggested that normalizing the vasculature of the tumor might improve the response to oncologic therapy (40) .
Among the limitations of our study are the small sample size and heterogeneous group of patients with malignant lesions, including two patients with NETs. It is well-known that NETs have a totally different biology and better prognosis compared with pancreatic adenocarcinoma. We included only one patient with high-grade NET in the survival analysis because the second patient with low-grade NET died from postoperative complications after imaging (Fig. 4) (41) . The lowest SUV max of the malignant lesions in the current study (1.6) was indeed observed in a low-grade NET. Additionally, it has been shown that hyperglycemia (42, 43) For the purposed of this study, we decided to use a fixed small-size ROI for a comparison between regional perfusion and metabolism. This was a pragmatic decision and necessary to limit errors associated with organ movement and transfer of ROIs from one image set to another in which differential analytic software was applied. We underline that the ROI was smaller than the smallest tumor and that the results would not have been different even if SUV max was used instead of SUV mean as shown by our supplementary online data.
Conclusion
The differences in BF and its relationship to metabolic activity both in pathologic pancreatic lesions and normal pancreas have been evaluated for the first time using combined [
15 O]H 2 O and [ 18 F]FDG PET/CT. We found both malignant and benign lesions to be associated with decreased perfusion and, in patients with malignant disease, a high ratio of metabolism to BF seemed to predict poor survival. Our preliminary findings in this study, with a limited number of patients, may shed light on the general resistance of pancreatic cancer to oncologic treatments. Finally, we suggest the implementation of combined imaging of perfusion and metabolism in pretreatment evaluation in clinical trials in which antiangiogenic targeting is planned.
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